This paper studies the design of a state-feedback delay-dependent H ∞ controller for vibration attenuation problem of a seismic-excited container crane subject to having time-varying actuator delay, L 2 type disturbances and actuator saturation. First, a sufficient delay-dependent stability criterion is developed by choosing a Lyapunov-Krasovskii functional candidate based on matrix inequalities for a stabilizing H ∞ synthesis. To convexify the Bilinear Matrix Inequality (BMI) based optimization problem involved in the delay dependent conditions; a cone complementary linearization method is adopted to find a sub-optimal solution. The proposed method also utilizes convex description of nonlinear saturation phenomenon by means of convex hull of some linear feedback which leads to a few additional ellipsoidal conditions in terms of Linear Matrix Inequalities (LMIs). By use of the proposed method, a suboptimal controller with maximum allowable delay bound and minimum allowable disturbance attenuation level can be easily obtained by a convex optimization technique. In order to show effectiveness of the proposed approach, a five Degrees-of-Freedom (DOF) container crane structure is modeled using a spring-mass-damper subsystem. The system is then simulated against the real ground motions of Kobe and Northridge earthquakes. Finally, the time history of the crane parts displacements, accelerations, control forces and frequency responses of the both uncontrolled and controlled cases are presented. Additionally, the performance of the proposed controller is also compared with a nominal state-feedback H ∞ controller performance. Simulation results show that, in spite of the actuator saturation, the designed controller is all effective in reducing vibration amplitudes of crane parts and guarantees stability at maximum actuator delay.
INTRODUCTION
In the recent years, earthquakes have caused much more loss of life and financial damage compared to those occured in previous centuries. Cranes are also affected by seismic movements. Cranes damaged in earthquakes cause loss of life together with economical losses. Moreover, cranes damaged on strategical points such as harbors and railways cause failure in logistic activities.
The importance of the earthquake induced destructive effects on cranes was understood in late 1990s because large capacity cranes were not so common before that. With the rapid increase in import and export rates all around the world, large scale cranes were needed more than ever and as a result of that larger harbours use larger capacity cranes today. Another reason of this phenomenon was there were no sufficient experiences related with the behaviour of cranes under earthquake loads, but 1995 Kobe Earthquake clearly exposed the destructive effects of earthquake motions on cranes. During Kobe Earthquake, many cranes were damaged and collapsed which highlighted the importance of improving the seismic performance of cranes. Studies related with this improvement is being carried on since 1995. In Figure 1 , a collapsed crane at Kobe Earthquake is represented.
Some of the experiences about dynamic loading on cranes aim to understand the behaviour of cranes under seismic loading while some of them aim to suggest solutions to this problem. The first step on the process of understanding the dynamic behaviour of crane structures under earthquake loads is to create a scaled physical model of the crane and subject the physical model to shake table tests. Horizontal loads make the earthquakes destructive so physical model of the crane was subjected to uniaxial horizontal loading through the critical axis [2] [3] [4] [5] [6] [7] [8] .
In literature, there are some studies about active seismic control for crane structures. For example, in, Sagirli and Azeloglu [9] a five degrees-of-freedom nonlinear mathematical model of gantry cranes is developed for active control studies and a comparison based on shake table tests are provided. Results obtained from mathematical model match with the results obtained from the shake table model. It is shown that the developed mathematical model can be used as a crane model in active vibration control studies in order to decrease the structural vibrations on gantry cranes. By using the developed mathematical model defined in [9] , Sagirli et al. [10] performed active vibration control studies to decrease the structural vibrations on gantry cranes. A Self-tuning Fuzzy Logic Controller (STFLC) was designed as a control algorithm in the studies. The results obtained from simulation studies show that active vibration control can be successfully performed on gantry cranes. Azeloglu et. al. [11] developed a six degrees-of-freedom mathematical model of container cranes to compare the shake table tests results. Physical model consist of inclusion of the foundation system and the payload. In this study, dynamics of the soil is also integrated to the developed mathematical model and earthquake motions are applied horizontally along the boom uniaxial. Results obtained from mathematical model match with the results obtained from the shake table model.
Active vibration control has been widely used in many successful engineering applications and has demonstrated significant achievements [12] [13] [14] [15] and the results Figure 1 . Collapsed cranes at Kobe Earthquake [1] .
of studies in literature also show that active vibration control has a great potential in cranes for suppressing earthquake induced vibration [10] . It is clear that reducing seismic vibrations in crane structures and, therefore the need for a design of more seismically-safe cranes is an important topic on this area of research. Both active and passive control methods can be used to solve this problem. It is stated in related literature that active control methods are much more efficient when compared to passive methods. Therefore, in this paper, an active vibration control method is used to reduce seismic vibrations on cranes. However, one important issue of active crane control is the existence of time delay phenomenon. In active control process, unavoidable time-delay may appear especially in control channel which mainly results from on-line data acquisition from long distance sensors at different location of the structure, computing the control forces, transmitting data and signals to actuator and applying control forces to the structure. Due to time-delay in control input, unsynchronized control forces are applied to the crane structure and this may cause some amount of degradation in control efficiency or even instability of system [16, 17] .
To eliminate the above-mentioned effects of time-delay in active vibration control, time-delay compensation techniques are commonly used. Agarwal and Yang [18] propose a compensator to decrease specified delay for control of civil engineering structures. However, their compensation technique does not guarantee performance and stability for systems having long time-delays. Another approach to time-delay problem in active vibration control problem is to design controller in discrete-time form. Cai and Huang [19] provide an optimal control method in discrete-time to attenuate the structural vibrations against time delay effect. Ying et al. [20] propose a new delay-dependent stability criterion for vibrating control systems with LMI approach. Xu et. al. [21] consider the Semi-active control of buildings and structures with magnetorheological (MR) dampers where they utilized the Bingham model of MR damper. In their note they proposed a novel real-time control method of vibrations based on neural-network model of the system. A fourlayer feedforward neural network, trained on-line under the Levenberg-Marquardt (LM) algorithm, is used to predict the future responses of the smart structure. In order that the responses of the smart structure satisfy the seismic requirements of the structure or are reduced most effectively, the control current applied to the MR dampers is calculated according to the predicting responses of the structure. It is experimentally demonstrated that the proposed control method solves the problem of time delay and the responses of the structure with MR dampers calculated by this method are shown to be smaller than those calculated by the traditional elastoplastic time-history method, especially for the acceleration responses. Yazici et al. [22] design a new robust delay-dependent H ∞ controller for active vibration control of seismic excited uncertain structural systems with actuator delay. Moreover, the useful method of vibration attenuation of seismic excited crane structures has not yet been fully employed in the design of H ∞ controller having actuator delay in the literature.
Apart from actuator delay, one of the main sources of instability is the actuator saturation phenomenon for the active vibration control problem of structural systems [23] . Therefore, considerable attention has been devoted to the control of seismic excited structural system having actuator saturation in recent years [24] . Due to the stochastic nature of seismic and wind loadings, it is conceivable that the required control force may exceed the capacity of the actuator, resulting in actuator saturation. Actuator saturation may lead to serious deterioration in the performance of the closed-loop system, and may also lead to instability. [25] , presents a study on the active vibration control of a flexible mechanical structure in presence of saturation affecting the closed-loop control signal. Yazici et al. [26] , consider the design of a state-feedback delay-dependent H ∞ controller for seismic-excited structures with actuator delay under consideration of actuator saturation. Xu et. al. [27] dealed with the magnetic saturation phenomenon of an MR damper system and obtained a mathematical model of magnetic saturation of MR dampers by carrying out some tests on a shear-valve mode on an MR damper to consider the effects of input current, displacement amplitude and the loading frequency on the properties of MR damper during the magnetic saturation and then the magnetic saturation of the MR damper is simulated by using finite-element method. However, they do not consider any vibration control problem of a mechanical system accompanying this model. Among these aforementioned works, it is apparently seen that only very few results exist concerning the H ∞ control problem for active vibration control of seismic-excited crane structures which gives us a motivation to study in this problem. Reducing seismic vibrations in crane structures and, therefore designing more seismically-safe cranes is an important topic on this area of research, which still needs an efficient solution. Therefore, with this study, we introduce a simple, easily realizable synthesis method to obtain less-conservative, practically applicable delaydependent state-feedback control law for actuator delayed seismically excited crane structural systems without utilizing any tuning parameters. In this study, a delaydependent H ∞ control method, which provides best performance depending on the actuator saturation limit, is developed for active vibration attenuation problem for seismic-excited crane structures. The goal of this study is to develop an easily realizable synthesis method to obtain practically applicable delay-dependent state feedback controller which provides best performance while taking the actuator saturation limits into account. Based on the selection of Lyapunov-Krasovskii functional, first a Bounded Real Lemma (BRL) is obtained in terms of Linear Matrix Inequalities (LMIs) such that the nominal, time-delay system is guaranteed to be globally asymptotically stable with minimum allowable disturbance attenuation level. Extending BRL, sufficient delay-dependent criteria are developed for a stabilizing H ∞ controller synthesis involving a matrix inequality for which a nonlinear optimization algorithm with LMIs is proposed to get feasible solution to the problem. BRL and H ∞ stabilization criteria are easily extended by employing a well-known bounding technique. Then a cone complementary algorithm is also utilized to solve the non-convex optimization problem. By use of the proposed method, a suboptimal controller with maximum allowable delay bound, and minimum allowable disturbance attenuation level can be easily obtained by solving the proposed convex optimization technique. In order to obtain practically applicable and an easily realizable synthesis method, a new delay-dependent state feedback H ∞ controller is designed which provides best performance under consideration of actuator saturation. Our approach relies on the nested ellipsoids and to cope with the actuator saturation issue, the presented method utilizes the technique described in Hu and Lin [28] to transform the actuator saturation non-linearities into a convex polytope of linear feedbacks. A five degrees-of-freedom crane system subject to seismic excitations is used to illustrate the effectiveness of the approach through simulations. Simulation results, obtained by using real time-history data of Kobe and Northridge earthquakes show that, in spite of the actuator saturation, the proposed controller is very effective in reducing vibration amplitudes of crane parts and guarantees stability at maximum actuator delay.
The rest of the paper is organized as follows: Mathematical model of the crane is introduced in Section 2. Section 3 describes the problem formulation. The design of controllers and main results are presented in Section 4. Simulation results with discussions are provided in Section 5. Finally, Section 6 concludes the paper.
Notation: A fairly standard notation is used throughout the paper. stands for the set of real numbers, is the set of n × n dimensional real matrices. diag denotes the diagonal matrices. Trace (.) operator stands for the standard trace, symbolizes the set of positive real numbers. The identity and null matrices are denoted by I and 0, respectively. X > 0 (≥, <0) denotes that X is a positive definite (positive semi-definite, negative definite) matrix. Finally, the notation '*' denotes off-diagonal blocks in a symmetric matrix.
MATHEMATICAL MODEL OF THE CONTAINER CRANE
In this section, the mathematical model of a five degrees-of-freedom container crane which is modeled by using spring-mass-damper subsystems is developed. Our proposed model is simplified version of the model considered in [11] . In this model the effect of rope and payload on the system dynamics is not considered. However, an active control device (actuator), which supplies energy to suppress vibrations, is assumed to be installed between the container quay and wheel mechanism. Since the destructive effect of earthquakes is a result of horizontal vibrations, only the degrees-of-freedom on horizontal directions have been assumed to be occurring [9] [10] [11] . The mathematical model also includes the dynamics of soil and a wheel-rail connection. Kobayashi et al. shows that a wheel-rail connection in cranes can be degraded to a spring and a damping element [7] . So the wheel-rail connection in this study is included in the dynamic model with a spring and a damping element.
Schematic model of the crane with the direction of seismic loading is represented below in Figure 2 . Figure 3 represents the dynamic model, where m 1 , m 2 , m 3 , m 4 , m 5 represent the masses of container quay, wheel mechanism, portal beams, boom, apex, respectively, k 1 and c 1 are the stiffness of the soil and damping, k 2 , k 3 , k 4 and k 5 are stiffness coefficients of the portal frame, c 2 , c 3 , c 4 and c 5 are damping coefficients of the portal frame. x 0 is the earthquake-induced ground motion disturbance imposing on the crane structure, x 1 , x 2 , x 3 , x 4 and x 5 are the displacements of the related parts of the structure.
The mathematical model is developed under the following assumptions; (i) The degrees-of-freedom of the system is horizontal. x 0 k 5 /2 k 5 /2 Using the well known Lagrange method. The equation of motion of a container crane system having on actuator delay and which is subject to external disturbance can be obtained as follows:
Here, x(t) = [x 1 (t) x 2 (t) x 3 (t) x 4 (t) x 5 (t)] T is the displacement state vector of the container crane structure, u(t) is the control force,
gives the location of the controller, w(t) ∈ W δ is the energy bounded disturbance input, is a matrix that weights the disturbances. Finally, are the mass, damping and stiffness matrices of the crane structure, respectively. Then it is straight forward to obtain system matrices as follows:
PROBLEM FORMULATION
Consider a class of time-delay system with time-varying input delays given as (5) where is the state vector, is the control input, is the disturbance input acting on the system, is the controlled output. Then, A, B h , B w , C and D are known, real, constant state-space matrices with appropriate dimensions. On the other hand, the delay h(t) is assumed to be a continuous, timevarying function which satisfies (6) Here, h and μ are known positive constants. Throughout this work, we assume that the disturbance signals acting on system have bounded energy, i.e., (2) (4)
Active Vibration Control of Container Cranes Against Earthquake by the Use of Delay-Dependent H ∞ Controller Under Consideration of Actuator Saturation
Then, our goal is to find a suitable state-feedback control law in the form of u(t) = Kx(t), such that the closed-loop system exhibits a globally asymptotically stable behavior and minimum H ∞ gain from w(t) to z(t) where disturbances distribute from the set W δ . By use of this control law, one obtains the closed-loop system as (8) 
MAIN RESULTS
In order to investigate the H ∞ stability, first, let us consider a nominal time delay system given by (9) The following theorem presents a Bounded Real Lemma (BRL). Lemma 1: Given positive scalar constants, h > 0, μ > 0 and γ > 0, the nominal time-delay system (9) with any time-delay, h(t) satisfying (6), is globally asymptotically stable with a disturbance attenuation level of γ, if there exist positive definite symmetric matrices P, Q, W, Z, matrices N 1 , N 2 , S 1 , S 2 with appropriate dimensions such that where PROOF: Let us choose a Lyapunov-Krasovskii functional candidate as where (11)
: PH N N S ,
Taking the time derivative of V(x(t), t) with respect to t along the system trajectory (9) and subject to (6) , one obtains Note that (13) and for any matrices N 1 , N 2 , S 1 and S 2 in appropriate dimensions, using Newton-Leibnitz relation allows us to write the following null equations: (14) Then adding the null-equations given in (14) to the right-hand side of (12), together with utilizing (13) and (6) allows us to write It follows from completing to squares that one can always construct the following nonnegative terms:
ht t t h t t h t h t h t t h t h t t h t h t h t h t h t t
and similarly, then,
On the other hand let us define an extended state vector as It is apparently seen that when , , is ensured guaranteeing that system (9) under zero disturbance, is globally asymptotically stable. Moreover, integrating both sides of from 0 to infinity allows to get .
which implies . Finally, applying Schur complement formula to (19) allows to get (10) . This completes the proof.
Remark 1
Note that, the slack matrices, N 1 , N 2 , S 1 and S 2 are introduced in (14) are used for reducing the tightness of the derived stability and stabilization conditions. Slack matrices are widely used in time-delay studies in recent years and provides a relaxation [29, 30] . The idea simply arises from the fact that the slack matrices have the flexibility of being selected freely such that they provide additional rooms for further improvement of performance. In order to reduce conservatism, completing to squares technique is also employed. This approach used in the derivation of the method, allows us to abrogate the restriction on the upper bound of rate of delay.
In the following sequel, Lemma 1 is extended to the design of a state-feedback H ∞ controller in the form of u(t) = Kx(t) for system (9) by replacing H with B h K and -C with C + DK. Theorem 1: Given nonnegative scalar constants, h > 0, μ > 0 and γ > 0, the closed-loop system (8) . Then γ is an H ∞ upper bound of the resulting closed-loop system from w(t) to z(t) for all t ≥ 0 and the control law u(t) = -LX -1 x(t) is an H ∞ controller associated with γ. 
Besides Φ -1 can be rewritten as where
. Also note that for any symmetric positive definite matrix T, .
Then, applying the Schur complement formula on Φ -0 + ∏ Τ 1 Τ -1 ∏ 1 + ∏ Τ 2 (XT -1 X) -1 ∏ 2 < 0 and defining -L = KX, we obtain the matrix inequality condition (20) . In the light of Theorem 1, in order to achieve a minimum H ∞ norm from w(t) to z(t) for all t ≥ 0, one can solve the following non-convex optimization problem for the symmetric positive-definite matrix variables X, -Q, -W, -Z, T and matrices -N 1 , -N 2 , -S 1 , -S 2, -L and positive scalar γ:
min γ s.t. (20) If the above problem has a feasible solution, we can say that the controller constructed by the control law u(t) = -LX -1 x(t), is defined to be the suboptimal controller for the given problem. Note that the matrix inequality condition (20) is not in the form of an LMI due to the existence of nonlinear term -XT -1 X. Hence, we cannot find a global minimum for the above optimization problem using convex optimization problem. However, if one affords more computational techniques such as cone complementary algorithm, one may still obtain a sub-optimal controller for the problem definition in Section 2 using an iterative algorithm presented next. First, we define a new variable R = R T > 0 such that R ≤ XT -1 X and replace the condition (20) with and , , , which can be justified following the inequality R -1 -X -1 TX -1 ≥ 0, using Schur complement formula and defining -R := R -1 , -X := X -1 , and -T := Τ -1 allow to obtain the inequalities in (26) . Hence, in order to achieve a minimum H ∞ norm for the closed-loop system (8) , one may use the following linearized optimization problem. (26) Finally, to achieve the suboptimal controller that provides minimum H ∞ gain, say γ 0 , and maximum allowable delay bound, say h 0 , one can solve the following linearized algorithm: Algorithm 1:
1. Choose a sufficiently large initial γ and small h such that there exists a feasible solution set { -X 0 , X 0 , -R 0 , R 0 , --T 0 , T 0 } to the LMI conditions in (25) , (26) and set k = 0. (26) and set:
Solve the following LMI optimization problem for the variables
-
If R ≤ XT -1 X is feasible for the above solution, set γ 0 = γ,h 0 =h and return to
Step 1 by modifying γ = γ -Δγ,
h are pre-defined step sizes. Otherwise, set k = k + 1 and go to Step 2 and repeat the optimization for a prespecified number of iterations, say k max , until finding a feasible solution satisfying R ≤ XT -1 X. If such a solution does not exist, then exit.
If one finds a feasible solution set with this algorithm, then the minimum achievable γ is said to be the suboptimal H ∞ norm for this system. Moreover, the sub-optimal state-feedback H ∞ controller can be constructed as u(t) = -LX -1 x(t).
H ∞ Control of time-delay systems having time-varying actuator delay and actuator saturation
Now consider a class of uncertain time-delay system with time-varying actuator delay and actuator saturation given as (27) where is the state vector. is the saturating control input, is the disturbance input acting on the system, is the controlled output. Then A, B h , B w , C and D are known real constant state space matrices with appropriate dimensions. Also, sat(.) is the standard saturation function with unity saturation level, sat(u) = [sat (u 1 ) sat(u 2 )…sat(u m u )] Τ , . Here, we mildly harm the notation by using sat( . ) to denote both the scalar valued and vector valued saturation functions. On the other hand, the delay h(t) is assumed to be a continuous, time-varying function which satisfies (6) and we assume that the disturbance signals acting on system have bounded energy as defined (7) . Then our goal is to find a suitable state-feedback control law in the form of u(t) = Kx(t), such that the closed-loop system exhibits a globally asymptotic stable behavior and minimum H ∞ gain from w(t) to z(t) where disturbances distribute from the set W δ .
Given a positive-definite matrix and a scalar r > 0, we define the ellipsoid . Also let be the ith row of a matrix , then we define the set of states for which saturation does not occur as . The following lemma is useful in providing the main results of this paper. where co denotes the convex hull. Also let be such that ε(P,1) ⊂ L(M). Then from Lemma 2, we can write sat (Kx(t-h(t) 
And applying the closed-loop system can be obtained as below and (28) where, are the feedback gain matrices and the rows of D is the
In the following sequel, Theorem 1 is extended to the design of a delaydependent state-feedback H ∞ controller under consideration actuator saturation in the form of u(t) = Kx(t) synthesis for system (28) by defining F:= MX and L -:= KX. 
In order the define the sat( . ) by convex combinations of linear feedback, one needs to have the condition ε(X -1 , 1) ⊂ L(F). Also, , span of energies of all state trajectories of closed-loop system must also be a subset of L(F). Finally, the set inclusion condition ε(X -1 , 1) ⊂ L(F) is equivalent to . Then using Schur complement formula immediately leads to (30) .
Replacing the term -XT -1 X < 0 with -R < 0 in (29) such that R ≤ XT -1 X, one can still use the cone complementary linearization algorithm described in the previous section to identify the maximum h such that the closed-loop system exhibits a stable behavior. In order to find out the upper delay bound h and minimum disturbance attenuation level γ such that the closed-loop system stays stable, one can modify the cone-complementary algorithm which was discussed in the previous section as follows: 22 2 2
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Algorithm 2:
1. Choose a sufficiently small initial h -, and γ such that there exists a feasible solution set to the LMI conditions in (26) , (29) , (30) and set k = 0.
Solve the following LMI optimization problem for the variable set
:
s.t. (26) , (29) , (30) and set:X -k+1 := X -, X k+1 := X, R -k+1 := R -, R k+1 := R, T -k+1 := T -, T k+1 :=T. If one can find a feasible solution to this algorithm, then the minimum achievable γ is said to be the sub-optimal H ∞ norm for this system. Then, the sub-optimal statefeedback H ∞ controller having actuator delay and actuator satuaration can be constructed as u(t) = L -X -1 x(t).
If R ≤ XT

Nominal state-feedback H ∞ controller design
In order to compare the performance of designed controller with nominal H ∞ statefeedback controller, in the following sequel, the design equations for a static statefeedback H ∞ controller has been obtained [31] . Let us consider a nominal linear time invariant system given by (31) where is the state vector. is the control input, is the disturbance input, is the controlled output vector. Suppose that the control input is linear function of the state, i.e., (32) where is the state feedback gain. The closed-loop system is given by
The optimal nominal H ∞ state-feedback controller can be obtained by searching minimum allowable γ, which satisfies the following LMI for X = X T > 0 and a matrix L in appropriate dimension.
If there exists a feasible solution to the optimization problem (34) , the optimal H ∞ state-feedback controller can be constructed as u(t) = LX -1 x(t). 
SIMULATION STUDY
In this section, simulation study is carried out in order to illustrate the effectiveness of the proposed controller in reducing the effect of earthquakes on crane structures. In the first example delay-dependent H ∞ controller is designed for active vibration control of seismic excited modeled structure and the maximum allowable actuator delay bound is computed by the proposed Algorithm 1. Additionally, to show the effects of actuator delay on active vibration control problem and compare the control performance of proposed delay-dependent H ∞ controller with non-delayed H ∞ controller, a memoryless nominal H ∞ controller is designed and simulation studies in Example 1 are performed. In the second example, delay-dependent H ∞ controller under consideration of actuator saturation is designed to obtain practically applicable controller algorithm. The allowable actuator delay upper bound and minimum disturbance attenuation level are all calculated simultaneously by the proposed Algorithm 2. All the simulations and computations are employed using MATLAB with Simulink. For the solution of the resulting LMIs, YALMIP parser and SEDUMI solver are used [32, 33] . The Kobe and Northridge earthquake motions which were used as an input of seismic excitation are shown in Figure 4 [34] . Parameters of the container crame system considered are shown in the Appendix.
Example 1:
This example is demonstrated in order to show the application of the proposed controller and effects of actuator delay in active vibration control problem. The control law is selected to be a full state feedback controller. Since the actuators consist of fixed time delay equipments in active vibration control in crane structures, in this study the system is considered as a fixed time-delay system. Hence, μ is assumed to be equal to 0. Applying Theorem 1 to this simulation study, we obtain the allowable maximum actuator delay bound h as 0.126 seconds and minimum allowable disturbance attenuation level γ as 1442 by the use of the proposed Algorithm 1. This result is obtained in 23 iterations by cone complementary algorithm. The controller gain is obtained as K = 10 7 x [-1.3170 0.0474 1.6110 0.0715 -0.7071 0.0465 -0.1308 -0.0437 -0.0322 0.0229].
For brevity, from this point onwards we will henceforth denote this controller as Controller 1. Figure 5 indicates displacement and accelerations of the time responses of the crane parts, respectively, for both controlled and uncontrolled cases against Kobe earthquake. As shown in Figure 5 , vibration amplitudes of the crane parts are decreased successfully with Controller 1. Performance of designed controller is checked against different disturbances using ground motion of the Northridge earthquake ( Figure 6 ). It is desired that the controller remains stable and effective when the crane structure is subjected to different disturbances. As it can be seen from the Figure 6 , satisfactory vibration suppression is achieved under different earthquake ground motion by Controller 1. Figure 7 demonstrates the variation of control forces obtained in Kobe and Northridge earthquakes, respectively. Figure 8 shows the frequency responses of the crane bridge displacements and accelerations, respectively, for both controlled and uncontrolled cases. Since the system has five degrees-of-freedom, there are five resonance frequency points at 0.44, 0.87, 1.21, 1.97 and 2.61 Hz. As expected, the upper curves belong to the uncontrolled system. When the response plots of the crane structural system with uncontrolled and controlled cases are compared, a superior improvement in the attenuation of the resonance values is observed with the Controller 1. It is well known that the first mode is the most dangerous for crane structures during an earthquake. However, it is obvious that this mode is successfully suppressed by proposed controller.
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In order to compare the performance of proposed delay-dependent H ∞ controller with nominal state-feedback controller, we designed the nominal state-feedback H ∞ controller. The control law is selected to be a full state feedback controller and the controller gain is obtained as For brevity, we will henceforth denote this controller as Controller 2. Figure 9 shows the time responses of the time responses of the crane parts, respectively, for both controlled and uncontrolled cases against Kobe earthquake when there is no actuator delay in closed-loop system. We observe that Controller 2 is all effective in reducing vibration amplitudes of crane parts when there is no time delay on the input signal.
Performance of Controller 2 is checked against different disturbances using ground motion of the Northridge earthquake in Figure 10 . On the other hand, Figure 11 demonstrates the change in control forces inputs for Kobe and Northridge earthquakes, respectively.
In order to show the effects of the actuator delay on the performance of designed Controller 2, we added the time-delay at the control input signal of closed loop system. When the actuator delay h = 0.06 seconds are introduced for the control input, the acceleration responses of the crane parts, under the Kobe and Northridge earthquake excitations, are plotted for the Controller 2 in Figure 12 and Figure 13 . As can be seen from Figure 12 and Figure 13 , we obtained very poor displacements and accelerations responses of crane parts with Controller 2, when the maximum actuator delay bound h is 0.06 seconds. Figure 12 and Figure 13 demonstrate that the stability and performance problems are occurred in the closed-loop system for Controller 2 when there is a time-delay on input signal. Hence, in order to overcome this problem, the controller gain should be computed via a delay-dependent controller algorithm for active vibration control of crane structure.
Example 2:
This example concerns with the delay-dependent H ∞ controller design for crane structural system having the actuator delay and actuator saturation. The control law is selected to be a full state feedback controller and μ is assumed to be equal to 0.
Here, applying Theorem 2 to this example, when the change in control inputs saturated as ± 500(kN), we obtain the maximum allowable actuator delay bound h as 0.1115 seconds and minimum allowable disturbance attenuation level γ as 1482.9 by the use of proposed Algorithm 2. This result is obtained in 45 iterations and the controller gain is obtained as K = [-26.4957 13.3788 17.9501 -0.7423 -7.9605 1.1608 -2.5401 -0.4833 -0.7122 0.0797].
As can be seen from the results of Example 2, the maximum actuator delay bound is diminished when the result of Example 1 is considered. This is due to the fact that there exists a trade-off between actuator delay and actuator saturation. For brevity, we will henceforth denote this controller as Controller 3. Figure 14 shows the time responses of the displacements and accelerations of the crane parts respectively, for both controlled and uncontrolled cases against Kobe earthquake. As shown in Figure 14 , designed Controller 3 is all effective in reducing vibration amplitudes of crane parts and has guaranteed asymptotic stability at maximum allowable actuator delay h = 0.1115 second, under actuator with limited capacity. It is desired that the controller remains stable and effective when the crane structure is subjected to different disturbances. To this end, the performance of the designed Controller 3 is checked using the ground motion of the Northridge earthquake in Figure 15 . As can be seen from this figure, satisfactory vibration mitigation is again achieved under different earthquake ground motion by proposed Controller 3. Figure 16 demonstrates the change in control forces inputs for Kobe and Northridge earthquakes, respectively.
As can be seen from Figure 16 , considerable amount of improvements are obtained in terms of control forces when the time history of applied control forces are compared with Controller 1, Controller 2 and Controller 3. Figure 17 demonstrates the frequency responses of the crane bridge displacements and accelerations, respectively, for both controlled and uncontrolled cases for actuator delay and actuator saturation when the maximum allowable delay bound are considered. As expected, high gain responses belong to the uncontrolled system. When the response plots of the crane systems with uncontrolled and controlled cases are compared, a superior improvement in the mitigation of the resonance values is observed with the proposed controller. Note that the first mode is the most dangerous for crane structures during an earthquake. However, it is obvious that this mode is successfully suppressed by the use of proposed Controller 3.
Remark 2
The consideration of actuator delay and actuator saturation within the controller design process provides more realistic realization for the vibration control of seismic excited crane structural system. The simulation results exhibit that Controller 3 can stabilize the closed-loop system, regardless of actuator delay and actuator saturation. Additionally, high vibration mitigation is achieved by the use of Controller 3. With this study, we introduce a simple, easily realizable synthesis method to obtain practically applicable delay-dependent state-feedback control law for actuator delayed seismically excited crane structural systems without utilizing any tuning parameters under consideration of actuator saturation.
CONCLUSIONS
This paper concerns with the LMI based H ∞ control problem for the seismic-excited crane structures having actuator delay and actuator saturation. A class of time-delay control system with time-varying actuator delays and actuator saturation are taken into consideration in order to synthesize a H ∞ controller. On the basis of delaydependent approach, an appropriate Lyapunov-Krasovskii functional is chosen and a stabilizing H ∞ state-feedback controller design under consideration of actuator saturation is formulated in BMI form which a Cone-Complementary Linearization scheme is introduced to get a suboptimal feasible solution set. The main importance of this study is to develop a new easily realizable synthesis method to obtain lessconservative, practically applicable delay-dependent state-feedback controller which provides best performance while taking the actuator saturation limits into account. To show the effectiveness of the approach, performance of the proposed controller is examined in disturbance attenuation of seismic excitations, in a fivedegree-of freedom crane structural system having actuator delay and actuator saturation. Simulation results obtained by using real datas of Kobe and Northridge earthquakes indicate that the proposed control technique is all effective in reducing vibration amplitudes of crane parts and guarantees stability at maximum allowable actuator delay bound under actuator saturation constraints. Parametric uncertainties lead to serious deterioration in the performance of the closed-loop system, and may also lead to instability. Therefore, expanding the proposed method with robust delay-dependent H ∞ controller design under consideration of actuator saturation might be direction for future work. Additionally, to obtain less-conservative results, complete type Lyapunov-Krasovskii functional or some delay-partitioning techniques may be used in controller design. 
